A statistical method for quantifying the relatedness among proteins was used to perform 2926 paired comparisons of amino-acid composition among 77 contractile and membrane-associated proteins from diverse species and sources. Relatedness of amino-acid compositions correlates with homology of amino-acid sequence. A high degree of relatedness was detected among K +-dependent membrane ATPase of Streptococcus faecalis, coupling factors F1 and CF1 from mitochondria and chloroplasts, outer fiber protein of cilia, ciliary dynein, tubulin, various actins, and myosin subfragment S-1. Heavy meromyosin and tropomyosin were related to each other but not to the first group of proteins. Differences in the degree of methylation may account for some differences in physiological function. Because of their diverse sources, the high degree of relatedness among these proteins is more compatible with evolution from common ancestral genes than with convergent evolution. Squid axon filarin, molluscan paramyosin, and bacterial flagellins appear to be unrelated either to each other or to any of the other proteins studied. Existence of persistent homologies among so many diverse proteins implies conservation of genetic information during evolution by utilization of codons for preferred amino-acid sequences in various proteins.
Motility and membrane transport are ubiquitous processes in living organisms. These processes are mediated by specific proteins which enable part of the useful energy made available during hydrolysis of ATP (or another energy-rich compound) to be transduced into mechanical or transport work. This report concerns a study of the structural relatedness of proteins involved in motility and transport in widely different species. The results, which provide insight into the evolution of these proteins, are interesting in their own right, and also may provide clues for understanding the molecular mechanisms of energy transduction.
That some relation exists between various contractile proteins is implicit in the work of several investigators. For example, an actin-like protein has been isolated from slime mold which interacts with skeletal-muscle myosin to form a mixed actomyosin (1) and a myosin-like protein also has been extracted from slime mold which interacts with skeletal-muscle actin to form a mixed actomyosin (2) . Because of similar properties of contractile proteins isolated from slime mold and from skeletal muscle as well as similar properties of skeletalmuscle actomyosin and the mixed actomyosins, it was presumed that the contractile proteins are related. Several investigators have developed the idea that actin and micro-* Present address: Department of Physiology, University of Texas Southwestern Medical School, Dallas, Texas 75235. tubular proteins are similar (3) (4) (5) . Schnebli and Abrams (6) commented on the similar properties of membrane ATPase from Streptococcus faecalis and beef-heart mitochondrial ATPase.
We have undertaken to quantify the relatedness of various contractile and membrane proteins. Complete sequence data are not available for any of these proteins. However, precise values of the amino-acid composition of these proteins have been reported. The relatedness was evaluated by comparative statistical analyses of the amino-acid composition of the various proteins.
METHODS
The following classes of proteins were selected for analysis: (1) contractile proteins of skeletal muscle, (2) contractile proteins of cardiac muscle, (3) contractile proteins of flagella and cilia of eukaryotic cells, (4) bacterial flagellins, (5) microtubular proteins, (6) paramyosins of catch muscles, and (7) membrane-associated proteins implicated in active ion transport. In so far as available data permitted, proteins from widely different species were analyzed.
The degree of relatedness between two proteins was evaluated by statistical analyses of their overall amino-acid composition. The individual differences in mole percent content of each of 16 amino acids in two proteins were squared and summed, giving a number designated SAQ. Methylated amino acids were added to the content of the nonmethylated amino acid from which they were derived, e.g., methyllysine and trimethyllysine were included in the lysine content. The structural and evolutionary relationships proposed in this paper must be regarded as tentative until verified by complete amino-acid sequences for the proteins.
In a previous study, the SAQ value was shown to correlate linearly with the degree of homology in amino-acid sequences (7) . In that study, over 5000 paired comparisons were made involving over 100 different proteins. For 98% of comparison pairs, SAQ > 100 was found for unrelated proteins. In no case was SAQ < 50 for unrelated proteins. The (7) .
As shown in For analysis of contractile proteins, several index proteins were selected. The analytical variability was evaluated by comparing amino-acid compositions of identical proteins from several laboratories; the results (Table 2) showed SAQ values between 1 and 4. Comparisons between the same protein from different tissues and different species permits evaluation of polymorphism. The results (Table 2) showed constrained variability and limited polymorphism as judged by SAQ < 20, for example, between human platelet myosin and rabbit skeletal-muscle myosin. The degree of polymorphism among contractile proteins from eukaryotic cells is less than that found among bacterial flagellins. For example, the mean SAQ among 17 Salmonella species compared with Bacillus X-1 flagellin was 73 4± 6 (Table 1) . Table 3 contains selected values of SAQ from 2926 paired comparisons among 77 proteins. Values of SAQ < 50 are encircled. The important relationships that emerge from these data may be summarized as follows: Squid axon filarin, molluscan catch-muscle paramyosin, and bacterial flagellins from various genetic groups are unrelated to each other and to the other proteins studied, i.e., SAQ > 100 for two proteins from different groups. The following proteins are closely related to each other (SAQ < 50): proaches 100% (9, 10) , and yet they are not related to paramyosin, which also is almost 100% a-helical (10) . DISCUSSION Although statistical analysis of amino-acid sequences is the most definitive means of assessing relatedness between proteins (34), it frequently is necessary to use other methods of evaluation because amino-acid sequence data are not available. The statistical method based upon differences in total amino-acid composition used in this report has been shown empirically to correlate very closely with relatedness assessed from amino-acid sequences in three groups of proteins: hemoglobins, light chain immunoglobulins, and cytochromes (7) . For proteins within these groups, a highly significant correlation was shown between SAQ and amino-acid differences. Furthermore, more than 100 randomly selected other proteins did not show relatedness to the above groups or to each other. The correlation between SAQ and aminoacid sequence must result from nonrandomness of aminoacid distribution in proteins; SAQ should be invariant of permutations of amino acids, and would not a priori be expected to imply order of sequences. The SAQ method has been used by Marchalonis (35) for evolutionary studies of immunoglobulin g-chains, by Prager and Wilson (36) for studies of lysozyme phylogeny, by Robert et al. (37) for comparative studies of membrane glycoproteins and transplantation antigens, and by Zagalsky (38) to assess the relatedness of carotenoid-containing lipoglycoproteins isolated from ovaries and eggs of various invertebrates.
The SAQ method does not permit a distinction between homologies of structure resulting from descent from a common ancestor, and analogies of structure resulting from con- Fig. 1 , which implies that many of the proteins arose from two ancestral genes, one for the group I proteins (those possessing some type of interaction with ATP) and one for the group II proteins (possessing almost 100% ahelical structure). For muscle actin, a group I protein, it should be remembered that 1 mole of ATP is hydrolyzed to ADP when a mole of actin monomer polymerizes to fibrous actin. During sonication, muscle actin has sustained ATPase activity (39) , and the Mg-polymer of slime mold actin has sustained ATPase activity (40) without sonication.
Owing to the fact that the molecular weight of the light meromyosin portion of myosin (9) (Table 2) . Thus, the basic backbone of amino acids comprising these proteins may be regarded as being virtually identical. It is well known, however, that the contractile proteins of skeletal and cardiac muscle differ in their percentage of methylated amino-acid residues (42) . The differences in the degree of methylation may account for the differences in physiological properties of these contractile proteins, even though the backbone structure may be closely homologous. This represents another instance of the conservation and reutilization of genetic information.
In view of the striking relatedness of the proteins comprising group I despite their diverse origins, it would not be surprising if some common denominator were found in the molecular mechanisms by which these proteins enable energy transductions to take place.
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